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We measure the absolute absorption cross section of molecules using a matter-wave interferometer.
A nanostructured density distribution is imprinted onto a dilute molecular beam through quantum
interference. As the beam crosses the light field of a probe laser some molecules will absorb a single
photon. These absorption events impart a momentum recoil which shifts the position of the molecule
relative to the unperturbed beam. Averaging over the shifted and unshifted components within the
beam leads to a reduction of the fringe visibility, enabling the absolute absorption cross section
to be extracted with high accuracy. This technique is independent of the molecular density, it is
minimally invasive and successfully eliminates all problems related to photon-cycling, state-mixing,
photo-bleaching, photo-induced heating, fragmentation and ionization. It can therefore be extended
to a wide variety of neutral molecules, clusters and nanoparticles.
PACS numbers: 03.65.Ta, 03.75.-b,33.15.-e,33.20.-t
Optical spectroscopy, essential in the early develop-
ment of quantum theory, is now a ubiquitous tool in the
natural sciences [1, 2]. In many cases it is desirable to
access the electronic, vibrational or rotational properties
of free molecules. Gas-phase spectroscopy has therefore
been established in various systems, ranging from gas
cells to free molecular beams or ion traps. Absorption
measurements in vapor cells [3] yield relative spectral in-
formation – i.e. the positions of absorption lines. How-
ever, this requires the analyte particles to be sufficiently
volatile and to form a gas of sizable opacity. For many
complex molecules gas phase data are lacking because
the number densities are too weak. This holds in partic-
ular for non-fluorescent molecules. Gas phase spectra are
therefore often derived from solvent analysis [4]. In addi-
tion, measuring absolute values for absorption cross sec-
tions conventionally requires accurate knowledge of the
vapor pressure. This is notoriously difficult to determine
for complex molecules.
Combining absorption spectroscopy with light-induced
fluorescence offers a higher signal-to-noise, and therefore
sensitivity. This method has been refined to matrix-
isolated samples down to the level of single molecules [5,
6]. However, in free molecular beams the number of pho-
tons scattered by complex molecules is intrinsically lim-
ited. The fluorescent light is typically red-shifted with
respect to the absorption wavelength, with the energy dif-
ference remaining in the molecules. Frequent repetition
of the absorption cycle rapidly leads to heating, photo-
bleaching or destruction of the particles. This problem
can be alleviated by keeping the analyte particles in a
dilute buffer gas, which serves as a heat bath. This
has been successfully exploited with isolated trapped
biomolecular ions [7, 8] and with molecules isolated in
cryogenic matrices [9].
In this Letter we present a method to measure absolute
absorption cross sections which circumvents repeated
photon-cycling and which can be applied to extremely di-
lute beams. We exploit photon recoil in a Kapitza-Dirac-
Talbot-Lau (KDTL) matter-wave interferometer [10] to
measure the reduction in quantum interference contrast
as a function of the position and intensity of a recoil
laser. From this we extract the absorption cross section
σabs(λk) at the laser wavelength λk [11].
The delocalization of complex molecules has been stud-
ied in a variety of experimental arrangements, from far-
field diffraction to near-field interferometry [12]. The
KDTL interferometer has enabled observation of quan-
tum interference with the most massive nanoparticles to
date, exceeding 104 AMU [13]. The interference fringes in
the KDTL interferometer are free flying periodic nanos-
tructures formed by the molecular number density dis-
tribution. If this nanostructure is exposed to a uni-
form external force the internal particle properties de-
termine the resulting shift of the interference pattern.
This method has enabled measurements of electric polar-
izabilities [14], susceptibilities and dipole moments [15],
thermally induced conformational dynamics [16] as well
as the distinction of structural isomers [17]. Here we con-
sider the case of photon recoils associated with the Pois-
sonian statistics of a molecule either absorbing, or not
absorbing, a photon. In particular where internal con-
version dissipates the photon energy and suppresses any
secondary emission. Instead of shifting the interference
pattern this has the effect of reducing the observed in-
terference contrast. Photon-induced decoherence, caused
by the random emission of spontaneous or thermal pho-
tons has previously been studied in atom [18, 19] and
molecule [20] interferometry, respectively. Photon ab-
sorption in Ramsey-Borde´ interferometry [21] has also
previously been used to determine the fine structure con-
stant [22] and molecular data. Here we make use of fringe
averaging in KDTL interferometry to derive precise ab-
sorption spectra, as suggested in reference [11].
A schematic of the experimental setup is shown in
Fig. 1a). In this particular demonstration, molecules of
the fullerene C70 are sublimated in a thermal source at a
temperature of 654 ◦C and fly through three gratings, G1,
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FIG. 1. Absolute absorption spectroscopy in the KDTL
matter-wave interferometer. a) Grating G1 produces a spa-
tially coherent source of molecules from the thermal beam
emitted by an oven. After a distance D the molecules en-
counter the recoil laser where the probability of absorbing n
photons, of wavelength λk, is described by a Poissonian dis-
tribution, Pn. At a distance L − D further the molecules
diffract at the standing light wave G2. The resulting interfer-
ence pattern is read out by translating grating G3 laterally
before a quadrupole mass spectrometer. b) The effect of some
molecules absorbing a photon from the recoil laser results in
a reduction of the observed visibility V = A/µ → V ′ = A′/µ
when averaged over the molecular velocity distribution. Here
A (and A′) are the unperturbed (perturbed) amplitude and µ
is the mean of the near-sinusoidal quantum interference curve.
G2 and G3 before detection in a Quadrupole Mass Spec-
trometer (QMS). Gratings G1 and G3 are etched into SiN
with a period d = 266 nm and an opening fraction of 0.42.
Grating G2 is a standing light wave formed by a laser
with wavelength λg = 532 nm and waists wx ' 20µm
and wy ' 500µm. Adjacent gratings are spaced by a
distance L ' 10.5 cm [10]. The collimation and velocity
selection of the molecular beam is provided by a series of
slits. This results in a beam height of about 200µm and
a divergence less than 1 mrad. The velocity distribution
is measured using a time-of-flight technique using a ro-
tating chopper disc and time-resolved detection [23]. We
find the velocity distribution to be well approximated
by P (vx) = (
√
2piσvx)
−1 exp
[−(vx − v0)2/2σ2vx] with a
mean velocity v0 = 210.3(7) ms
−1 and standard devia-
tion σvx = 38.4(5) ms
−1. Here quoted errors are the 1σ
uncertainty estimates. The molecular beam is initially in-
coherent. However, the openings of G1 represent a comb
of slits which act as narrow and therefore spatially coher-
ent sources of transmitted wavelets [12]. The molecules
interact with G2 through the optical dipole force. The
spatially periodic variation of the laser intensity imprints
a spatially varying phase onto the transmitted matter
wave, which evolves into a modulation of the molecular
density distribution. The QMS then counts the number
of molecules transmitted by G3. The molecular density
pattern arriving at G3 has a near-sinusoidal shape. This
is revealed in the count rate when G3 is laterally trans-
lated as illustrated in Fig. 1b). The visibility of this curve
V = A/µ is determined by the fringe mean µ and ampli-
tude A. For the experiments described here count rates
of µ ' 300 /s and a fringe visibility of V ' 0.15 were typ-
ical. Decoherence, dephasing or phase averaging in the
interferometer reduce the fringe visibility V. Under con-
trolled conditions this reduction can be used to extract
detailed information about the interaction between the
molecules and their environment.
Consider a particle which absorbs n optical photons
from a recoil laser whose k-vector is parallel to the grat-
ing vector. The laser is positioned at a distance D from
G1, where D < L. If a molecule absorbs a photon it
receives a momentum recoil ∆p = h/λk. In the plane
of G3 this recoil shifts the position of the absorbing
molecule relative to the unperturbed interference pattern
by a distance s = ∆pD/mvx = λdBD/λk. The proba-
bility of a molecule absorbing n photons while crossing
the recoil laser is described by the Poissonian distribution
Pn(n0) = n
n
0 exp (−n0)/n! where the average number of
absorbed photons n0 is obtained by integrating over the
Gaussian recoil laser intensity profile along the xˆ-axis
n0 =
√
2
pi
σabs λk Pk
h cwk,y vx
. (1)
A relative dephasing within the total ensemble occurs
because not all molecules acquire the same momentum
recoil. For a given molecular velocity vx this results
in a reduced interference contrast V ′ = RV where [11]
R = exp (−n0 [1− cos (2pis/d)]). However, for a realis-
tic molecular beam with a finite spread in velocities the
observed reduction in contrast must be averaged over
the velocity distribution. This results in the relation,
V ′ = 〈R〉vxV, where the reduction in visibility is now
described by [11]
〈R〉vx =
∣∣∣∣ˆ ∞
0
dvxP (vx) exp
(
−n0
[
1− exp
(
2piis
d
)])∣∣∣∣ .
(2)
In our experiments the height of the molecular beam
is small compared to the waist of the recoil laser which
was measured using a scanning knife-edge profiler to be
wkx = wky = 1.23(2) mm. Fig. 2a) shows the variation of
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FIG. 2. a) Reduction in interference fringe visibility as a
function of the vertical position of the recoil laser for a fixed
D = 3.5 cm. The data show the mean value from 5 runs
and their standard deviation. The solid line is a Gaussian fit
with a fixed waist of 1.23 mm. b) Reduction in interference
contrast as a function of the distance D between recoil laser
and G1. The data show the mean value from 10 runs and their
standard errors. The solid blue line describes the visibility
reduction factor 〈R〉vx for the absorption cross section σabs
which minimizes the χ2. The shaded blue region shows 〈R〉vx
between the 1σ estimates of σabs. The dashed green line is
the reduction factor R for a monochromatic molecular beam,
P (vx) = δ(vx − v0). The data point highlighted as a red
triangle corresponds to the visibility reduction when the recoil
laser is closest to D
(1)
min = dmv0λk/2h. In a simplified version
of our analysis this is used to estimate the absorption cross
section.
V ′/V when the recoil laser is translated along the yˆ-axis.
We find good agreement with the waist measured using
the profilometer and the contrast reduction.
In order to measure σabs we record V ′/V for a variety
of different horizontal laser positions D. The current ex-
perimental arrangement allows for optical access between
3.5 < D < 5.5 cm. The recoil laser is fixed at a power of
Pk = 17.4(2) W and a wavelength of λk = 532.2 nm, with
a drift on the order of 10 MHz over the course of our mea-
surements. Fig. 2b) shows how the observed reduction in
fringe visibility varies with D. From a fit of equation (2)
to this data we determine the absorption cross section to
be
σabs(532 nm) = 1.97(6)× 10−21 m2, (3)
without any other free parameter. The quoted uncer-
tainty in σabs is the 1σ estimate derived from the varia-
tion of the χ2 for different values of σabs. The systematic
uncertainty is dominated by knowledge of the recoil laser
power and waist, which for these experiments enters at
the level of 4× 10−23 m2.
A faster method to measure the absorption cross sec-
tion can be employed with similar precision and only
slightly reduced accuracy. For a fixed velocity P (vx) =
δ(vx− v0) the first minimum in the reduction of contrast
occurs at D
(1)
min = dmv0λk/2h and the absorption cross
section is described by
σabs = −
√
pi
8
h cwy vx
Pk λk
ln (V ′/V). (4)
Close to D = D
(1)
min the effect of finite velocity spread is
small for all values of v0. The data point highlighted as
a red triangle in Fig. 2b) is the nearest to this minimum
we could achieve in our current setup, with a position
D = 3.5 cm. If we ignore the effects of velocity spread and
use equation (4) to determine the absorption cross sec-
tion we find a value σabs = 1.7×10−21 m2, which underes-
timates the value determined from our detailed analysis
by approximately 14%. This type of measurement is sub-
ject to systematic shifts towards lower absorption cross
sections. However, this effect is small compared to the
change in absorption cross section close to molecular res-
onances which can span decades. A further simplification
can be made for molecules with a very low mean velocity
or for short recoil laser wavelengths. The spatial period of
V ′/V is 2D(1)min = dmv0λk/h for a monochromatic beam,
varying only slightly when realistic velocity distributions
are considered. When D is very large compared to 2D
(1)
min
the reduction factor is described by 〈R〉vx ' exp (−n0)
and the sensitivity to D is removed.
Our model assumes that multi-photon processes are
negligible. To ensure this is valid we recorded the re-
duction in contrast for recoil laser powers ranging from
0−17.4 W. Fig. 3a) shows a clear linear relation between
− ln(V ′/V) and the recoil laser power. This behaviour is
expected from the definition of R and we therefore de-
termine a maximum mean absorbed photon number of
0.14.
The interaction potential at G2 depends on the optical
polarizability of the molecules. Although they enter the
interferometer in the electronic ground state S1 a small
fraction can be excited to the triplet state T1 by the re-
coil laser. If some remain in T1 at G2 this will be seen as
a change in V ′/V as the light grating power varies. For a
distance of (L−D) ' 5 cm and a velocity of ' 210 ms−1
the molecules take approximately 240µs to reach G2 af-
ter the recoil laser. This is significantly longer than the
4expected triplet lifetime of C70 in the gas phase which
has been measured to be τ ' 41µs [24]. Fig. 3b) shows
the results of experiments where we measured V ′/V for
light grating powers ranging from 1 − 6.5 W. The recoil
laser here is positioned 4.85 cm from G1 to ensure a rea-
sonable reduction in contrast while maintaining a good
signal-to-noise ratio at low light grating powers. We see
no significant change in V ′/V and conclude that the ex-
cited triplet state plays no significant role in our absorp-
tion cross section measurements.
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FIG. 3. a) Dependence of − ln(V ′/V) on the recoil laser power
for a distance D = 3.5 cm, as marked with the red data point
in Fig. 2b). b) The visibility reduction V ′/V as a function
of the light grating power for a recoil laser power of Pk =
17.4(2) W and a distance D = 4.85 cm. We see a uniform
value of V ′/V = 0.78(8) for light grating powers ranging from
1−6.5 W. For the time scales relevant to our setup we find that
the excited state polarizability plays no role for the reduction
in fringe visibility.
In summary, we have demonstrated a precise and ac-
curate method to measure the absolute absorption cross
section of molecules in dilute beams from quantitative
observations of the fringe visibility as a function of the
intensity and position of a probe laser. Our result for C70
at 532 nm is in good agreement with previous absorption
experiments in a vapor cell σabs ' 1.3−2.3×10−21 m2 [3],
an extrapolation from a thin film measurement σabs '
3.4×10−21 m2 [25] and from an indirect measurement us-
ing molecular interferometry σabs = 2.5 × 10−21 m2 [26].
We realize an absolute uncertainty of 3% which can be
used to anchor relative spectra to our fixed frequency
value at 532 nm with the same absolute accuracy. Fur-
ther improvements are conceivable, especially for beams
with a narrower velocity spread. At T = 654 ◦C several
hundred rotational and vibrational states are populated
in C70. We have therefore not included the role of tem-
perature in our analysis. It will be interesting to extend
our studies in the future to low temperatures where some
or all vibrational degrees are frozen out.
Our method can be applied to many molecular species
and is of particular interest to extremely dilute beams
whose vapor pressures cannot be known a priori. This
applies especially to neutral biomolecular beams which
could be studied as isolated particles or embedded in
nanosolvent environments. One may also consider multi-
photon experiments with higher time resolution for vari-
ous interferometer configurations [12, 27].
Absorption spectroscopy through photon recoil in
matter-wave interferometry will be important in future
research at the interface between quantum optics, phys-
ical chemistry and biomolecular physics [28].
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